An ultrafine-grained pseudoelastic NiTi shape-memory alloy wire with 50.9 at.% Ni was examined using synchrotron X-ray diffraction during in situ uniaxial tensile loading (up to 1 GPa) and unloading. Both macroscopic stress-strain measurements and volume-averaged lattice strains are reported and discussed. The loading behavior is described in terms of elasto-plastic deformation of austenite, emergence of R phase, stress-induced martensitic transformation, and elasto-plastic deformation, grain reorientation and detwinning of martensite. The unloading behavior is described in terms of stress relaxation and reverse plasticity of martensite, reverse transformation of martensite to austenite due to stress relaxation, and stress relaxation of austenite. Microscopically, lattice strains in various crystallographic directions in the austenitic B2, martensitic R, and martensitic B19 0 phases are examined during loading and unloading. It is shown that the phase transformation occurs in a localized manner along the gage length at the plateau stress. Phase volume fractions and lattice strains in various crystallographic reflections in the austenite and martensite phases are examined over two transition regions between austenite and martensite, which have a width on the order of the wire diameter. Anisotropic effects observed in various crystallographic reflections of the austenitic phase are also discussed. The results contribute to a better understanding of the tensile loading behavior, both macroscopically and microscopically, of NiTi shape-memory alloys.
Introduction
Pseudoelastic NiTi shape-memory alloys (SMAs) can be found in many medical and technological devices, due to their unique mechanical properties [1] [2] [3] [4] [5] [6] [7] [8] . Understanding the mechanical behavior of pseudoelastic NiTi SMAs is important to accurately estimate the lifetime of these devices [9] [10] [11] [12] [13] . Pseudoelastic NiTi SMAs used in many applications involve processing such as wire-drawing [14] [15] [16] [17] , which results in the formation of ultrafine grains. In these ultrafine-grained materials, R phase, an intermediate martensitic phase, which involves a small ferroelastic distortion of the austenitic B2 lattice structure [18] , is commonly observed [1, [19] [20] [21] . Thus, examining material with both ultrafine grains and R phase is of the utmost importance.
Tensile testing of pseudoelastic NiTi reveals complex behavior involving a stress-induced phase transformation from austenite to martensite, which leads to the material's impressive ability to transform pseudoelastically upon loading and completely recover upon unloading up to almost 8% strain (an order of magnitude higher than elastic recovery in most metals). Neutron and synchrotron X-ray diffraction during in situ mechanical loading is an excellent tool for observing the phase behavior and lattice strains in both shape-memory [13, [22] [23] [24] [25] [26] [27] [28] and pseudoelastic [29] [30] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] [41] NiTi SMAs. In the latter, it has been shown that Lü derslike transformation bands result in localized strains, leading to a stress plateau in the stress-strain curve as the bands move across the specimen [30, [42] [43] [44] [45] [46] [47] [48] [49] . Synchrotron X-ray diffraction and imaging have been used to observe lattice strains and phases in these Lü ders-like transformation bands in tensile samples from cold-rolled sheets of pseudoelastic NiTi during tensile loading [30] . Khalil Allafi et al. [29] performed in situ torsion experiments using neutron diffraction on pseudoelastic NiTi and in situ tensile experiments using synchrotron X-ray diffraction on flat specimens of pseudoelastic NiTi. In these experiments, they observed incomplete austenitic phase transformation to martensite (also observed by Schmahl et al. [30] ) and significant residual strain in the untransformed austenitic phase. They did not directly observe R phase in their experiments, but suggested that R phase might be present at the interface of the martensite shear bands and austenite [30] . Hasan et al. [32] performed in situ tensile experiments using synchrotron X-ray diffraction to examine the texture evolution from austenite B2 to martensite B19 0 in tensile specimens from rolled sheets of pseudoelastic NiTi. Mehta et al. [33] performed in situ tensile experiments using synchrotron X-ray diffraction on stent-like component specimens consisting of pseudoelastic NiTi. In this experiment, they observed localized austenitic phase transformation to martensite. Robertson et al. [31] also observed localized strains during martensitic phase transformation using synchrotron X-ray diffraction on compact tension specimens of pseudoelastic NiTi. The lattice strain behavior of austenite has also been examined using neutron diffraction in pseudoelastic NiTi during compressive loading [34, 36] , where no localized deformation was observed. Raghunathan et al. [38] examined individual texture components in B2 and B19 0 phases of NiTi rolled sheet during in situ tensile loading using synchrotron X-ray diffraction. Finally, it should be mentioned here that synchrotron Xray diffraction has been used to examine the R phase only during thermal heating and cooling, where Kulkov and Mironov [22] observed lattice parameter changes in NiTi with 50.1 at.% Ni, and Khalil Allafi et al. [50] describe the spontaneous strain evolution of R phase with temperature in the framework of the Landau theory. Although critical to many practical applications, the mechanical behavior of pseudoelastic NiTi with ultrafine grains and with R phase has only briefly been examined using synchrotron X-ray or neutron diffraction [39, 40] .
In the present paper, we examine the mechanical behavior of ultrafine-grained pseudoelastic NiTi SMA wire using synchrotron X-ray diffraction during in situ uniaxial tensile loading and unloading. We pay special attention to localization of the stress-induced martensitic phase transformation at the stress plateau. We determine the width of this phase transformation zone, and we examine the phase volume fractions and phase lattice strains across this zone. Furthermore, we examine volume-averaged lattice strains in the austenitic B2 and martensitic R and B19 0 phases and the anisotropic effects within different crystallographic directions within austenite B2 and R phases to better understand the mechanical behavior of pseudoelastic NiTi SMAs.
Materials and experiments
Ultrafine-grained pseudoelastic NiTi (50.9 at.% Ni) SMA wire with a diameter of 1.2 mm was purchased from Memory Metalle (Weil am Rhein, Germany). The processing of this wire and subsequent characterization by transmission electron microscopy (TEM) have been described in detail in Sawaguchi et al. [14] . Tensile testing was performed using a miniature tensile device built by Kammrath & Weiss GmbH, which can be integrated into the beam line of a synchrotron radiation facility, as described in detail in Gollerthan et al. [51] . A wire specimen with a gage length of 40 mm was tensile tested in this custom-built device at the beam line BW5 of the Hamburg Synchrotron Laboratory (HASYLAB) at the German Electron Synchrotron (DESY). In situ X-ray diffraction measurements were collected from this wire specimen during tensile loading (up to $1 GPa, i.e. well beyond the pseudoelastic plateau) and subsequent unloading.
As illustrated in the schematic representation of the NiTi wire in Fig. 1a and b, two types of diffraction measurements were performed on the same specimen during one loading and unloading cycle. The first type of diffraction measurements involved monitoring three different fixed positions (in the center of the wire and ±14 mm away from the center; square symbols in Fig. 1a ) along the wire using synchrotron X-ray diffraction throughout loading and unloading. As illustrated in Fig. 1b , the second type of diffraction measurements was performed while holding the specimen in quasi-static conditions at a constant macroscopic strain (5.7%) on the stress plateau and collecting synchrotron X-ray diffraction patterns in a step-wise manner (0.1 mm steps) over the entire phase transformation zones on both sides of the yet untransformed austenitic region.
Diffraction measurements were performed with a 99 keV (k = 0.0125 nm) X-ray beam in transmission geometry for 60 s. An ion chamber and a diode (Keithley, Model 428) were used to locate the center of the wire and to position the wire by measuring the initial and transmitted intensity with respect to the beam. The size of the beam cross-section was 50 Â 100 lm 2 and the sample-to-camera distance was approximately 1.0 m. Complete Debye-Scherrer diffraction rings were obtained by an image plate (MAR345) of 345 mm diameter with 100 lm pixel size and 16-bit dynamic range. Calibration diffraction patterns were collected from LaB 6 (NIST Standard Reference Material SRM-660). Typical diffraction patterns are shown in Fig. 2 for a fully austenitic state (r = 40 MPa, Fig. 2a) , an austenitic state with some R phase (r = 398 MPa, Fig. 2b) , and a fully martensitic state (r = 1060 MPa, Fig. 2c ). Although the entire Debye-Scherrer rings were collected, only one quarter is shown for clarity. All diffraction peaks were identified for the austenitic B2 and martensitic R and B19 0 phases, which correspond to similar crystallographic parameters reported in Dwight (powder diffraction file # 03-065-5537) [52] , Goryczka and Mora-wiec [53] , and Kudoh et al. (powder diffraction file # 03-065-0145) [54] , respectively. For clarity, the cell parameters from Kudoh et al. [54] are a = 2.898(1), b = 4.108(2), c = 4.646(3), and b = 97.78(4) and refer to a monoclinic martensite B19 0 with 49.2 at.% Ni. Integration of the complete Debye-Scherrer rings recorded by the image plate was performed using the software Fit2D [55, 56] . Phase volume fractions were determined for the austenitic B2 and martensitic B19 0 phases by selecting isolated diffraction reflections for each respective phase, subtracting out the background, curve-fitting using a Gaussian, integrating the area under the curve, and assigning a percentage based on the value determined for this area. Lattice strains were determined by using custom MATLAB [57] programs as previously described in detail in Ref. [58] and similar to those in Refs. [59, 60] . Although not shown here, lattice strain and lattice spacing vs. sin 2 w plots were generated in order to refine the lattice parameters of each phase as described in detail in Refs. [58, 61] . As illustrated in Fig. 2a-c , it should be noted that texture was observed in all three phases present (austenite B2, R phase, and martensite B19 0 ). The texture observed in both the austenitic B2 and martensitic B19 0 phases is almost identical to that observed by Hasan et al. [32] . The texture here appeared in the same location in each diffraction pattern for each specific phase during loading. Only the lattice strain and the magnitude of the intensity changed except in the case of martensite, where peak splitting (associated with twinning of the stress-induced martensite) was also observed. Since the diffraction rings were sometimes incomplete, the values reported for the lattice strains in the loading direction (e 11 ) and transverse to the loading direction (e 22 ) were extrapolated when necessary.
Results

Macroscopic stress-strain behavior
As illustrated in Fig. 3 , the macroscopic stress-strain curve initially exhibits linear-elastic behavior with an apparent austenitic elastic modulus of 56 GPa (calculated from the stress-strain data ranging from 0 to 150 MPa), which is within the range of values reported in the literature (E austenite = 40-90 GPa [62] [63] [64] ). At a load above 150 MPa, a bend in the stress-strain curve is observed. This deviation from the linear-elastic behavior is usually attributed to a phase transformation from austenite to R phase [1, 19, 20] . A stress plateau (455 MPa) is reached at 1.1% strain and continues up to a strain of 5.9%. This stress plateau is associated with the stress-induced transformation from austenite (or the previously formed R phase) to martensite, which proceeds in a localized manner, where fully martensitic regions are first nucleated near the grips in our case. These martensitic bands propagate through the gage length at a constant stress [30, [42] [43] [44] [45] [46] [47] [48] [49] . After 5.9% strain is reached, the wire has become fully martensitic and the applied stress starts to increase again with increasing strain, which is associated with a macroscopically homogeneous deformation of the tensile specimen. It is difficult to determine the elastic modulus of martensite due to the fact that the martensite has already accumulated some small amount of strain before the phase transformation is complete; however, it is still possible to find a range of 25 GPa (determined from a linear fit of the data between a load of 430 MPa up to 1060 MPa) to 28 GPa (determined from a linear fit of the data between a load of 430 MPa up to 530 MPa) for the apparent slope, which is within the range of macroscopic moduli values reported in the literature (E martensite = 20-70 GPa [27, 62, 63, 65, 66] ). However, it should be noted that this apparent elastic modulus results from various deformation mechanisms which act simultaneously, such as elasto-plastic deformation, variant reorientation and detwinning of martensite [27, 62, 63, 65, 66] . Understanding the complex interactions between these deformation mechanisms and the stress-induced martensitic transformation is a key objective of current research activities [63, 67, 68] .
At a maximum stress of 1060 MPa and 8.4% strain, the load is removed. During unloading, the fully martensitic tensile specimen exhibits linear-elastic behavior down to a stress of 500 MPa and 7.1% strain with an apparent martensitic elastic modulus of 43 GPa. The marked difference Fig. 1 . Schematic of an ultrafine-grained NiTi SMA wire illustrating the two types of experiments performed on the same NiTi wire during loading and unloading. (a) First type: fixed positions (squares) along the wire were examined using synchrotron X-ray diffraction. (b) Second type: at the plateau stress (455 MPa) and at a constant macroscopic strain (5.7%), the two transformation zones between fully austenitic and fully martensitic regions were examined step-wise in 0.1 mm steps along the wire on both sides of the transformation region. The two bars indicate where diffraction patterns were collected over these transformation zones. The x-axis is parallel to the loading direction. Note: Schematic is not to scale.
between the macroscopic moduli of martensite during loading and unloading clearly indicates the importance of additional deformation processes in this regime of the stress-strain curve. Below 7.1% strain (500 MPa), nonlinear-elastic behavior is observed, which is also likely associated with inelastic deformation processes such as twin boundary movement, and possibly reverse plasticity (i.e. Bauschinger effect [69] ) and dislocation movement. At 5.1% strain, an increase in stress from 50 MPa up to 100 MPa indicates nucleation of an austenitic region, which marks the beginning of the localized reverse transformation of stress-induced martensite to austenite as indicated by the stress plateau of 100 MPa from 5.1% to 0.7% strain. At 0.7% strain, the specimen is fully austenitic. Below 0.7% strain, linear-elastic behavior with an apparent austenitic elastic modulus of 45 GPa (calculated from the stress-strain data ranging from 60 to 17 MPa) is observed. After unloading is complete, approximately 0.5% irreversible strain remains. The small amount of unrecoverable strain is remarkable given the maximum amount of applied stress (1060 MPa) and strain (8.4%).
Microscopic strain behavior
3.2.1. Elastic lattice strains in austenite and R phase Fig. 4a shows the applied stress plotted against the lattice strain for the austenitic B2 (1 0 0), (1 1 0), (2 0 0), and (2 1 1) reflections for a fixed position (x = 0 mm) during loading. The slopes of the macroscopic stress plotted against the lattice spacings of the respective reflections were calculated from the first two data points only (at 40 and 177 MPa). These slopes indicate the Young's modulus for each lattice plane. For example, the slopes of the lattice plane for the (1 0 0) reflection in the longitudinal and transverse directions are E 11 = 53 GPa and E 22 = À98 GPa, respectively; by then using the relationship for Poisson's ratio (m % ÀE 11 /E 22 ), a value of 0.54 for the austenite (1 0 0) reflection is found. Thus, the average Poisson's ratio from all four austenite reflections yields a relatively high value of 0.52; however, it is worth noting that the X-ray Fig. 2 . Representative X-ray diffraction pattern (quarter of image plate) of (a) pure austenite B2 (r app = 40 MPa), (b) austenite with some R phase (r app = 398 MPa), and (c) pure martensite B19 0 (r app = 1060 MPa) in an ultrafine-grained NiTi SMA wire. Lattice strains in the loading direction and transverse to the loading direction, represented by e 11 and e 22 , respectively, are calculated from the change in position of a respective (hkl) reflection during loading. All diffraction rings were identified. For clarity, only some of the rings are indicated here. Darker pixels indicate higher diffracted intensity. diffraction measurements record the elastic deformation only. Although it is difficult to accurately assess the values of the slopes, since they are very sensitive and are determined from only two points, it is encouraging that the average elastic microscopic modulus (57 GPa) is approximately the same as the macroscopic austenitic modulus (56 GPa). As the applied stress is increased above 177 MPa, deviations from linearity are observed in the austenitic B2 phase, which are associated possibly with stress relaxation due to the phase transformation to R phase and its ferroelastic (inelastic) behavior. Although less likely due to the much higher yielding stress of austenite, the onset of plastic deformation of the austenitic phase cannot be ruled out.
Anisotropy can be observed between the experimental slope values of the different austenitic B2 lattice planes throughout loading, as indicated by the different strains observed for different (hkl) lattice planes. While the lattice spacings change, the overall texture orientation in the austenite phase does not change during loading. For the (1 0
In addition to lattice strain measurements in the austenitic B2 phase, Fig. 4b shows the applied stress plotted against the lattice strain for the martensitic R phase (1 1 0) and (2 2 0) reflections for a fixed position (x = 0 mm) during loading. R phase can be observed in the stress range of 177 MPa up to 455 MPa. Like the overall texture orientation in the austenitic B2 phase, the texture orientation of the martensitic R phase does not change during loading, but the strain does increase (approximately 1000 and À300 le in the loading direction and in the direction transverse to loading, respectively). The slopes of the lattice spacings of the (1 1 0) and (2 2 0) reflections were calculated from the data points from 177 MPa up to 455 MPa. They are 24 GPa and À64 GPa for the (1 1 0) reflection and 29 GPa and À83 GPa for the (2 2 0) reflection in the longitudinal and transverse directions, respectively. These values correspond to a Poisson's ratio of 0.37 and 0.28 for the (1 1 0) and (2 2 0) reflections, respectively, which yields an average Poisson's ratio of 0.32.
Elastic lattice strains in stress-induced martensite
Although some residual austenite (less than 4 vol.%) was detected, the NiTi wire is fully martensitic, for all practical purposes, at stresses above the plateau stress (455 MPa) and strains above 7.2% strain (Fig. 3) . Fig. 7 shows the applied stress vs. lattice strain at a fixed position (x = 0 mm) for the martensitic B19 0 (0 0 1) reflection upon loading and unloading. The elastic slopes for the martensitic B19 0 (0 0 1) are 69 GPa and À176 GPa upon loading, which yields a Poisson's ratio of 0.26. After a load of 531 MPa, a deviation from linearity is observed as a result of a combination of plastic deformation, detwinning, and reorientation. At the maximum load (1060 MPa), this deviation from linearity results in a lattice strain of 230 le in the loading direction (e 11 ) and À20 le in the transverse direction (e 22 ), which are calculated by subtracting the linear-elastic line (dashed lines in Fig. 7 ) from the experimental data. The values of the slopes represent best fit of the experimental data for the first two data points for the austenitic phase during loading, for the last two data points for the austenitic phase during unloading, and for all of the data points for the R phase, respectively.
Elastic lattice strains during unloading
As illustrated in Fig. 7 (open data points), the martensitic B19 0 (001) reflection behaves linearly elastic upon unloading down to a stress of 200 MPa, which is similar to that observed in the macroscopic stress-strain curve in Fig. 3 ; however, the deviation from linearity in the macroscopic data occurs at a much higher stress of 500 MPa. Below 200 MPa, the unloading data exhibits a smaller decrease in strain, which is not observed in the macroscopic stress-strain curve, where a larger decrease in strain is observed. This suggests that a number of possible mechanisms occur during unloading including stress relaxation, reverse plasticity of martensite, and reverse martensite to R phase transformation. Further experiments are needed to determine which deformation mechanisms are occurring.
As illustrated in Fig. 4 , the austenite (1 1 0) reflection exhibits much softer elastic moduli (20 GPa and À44 GPa in the loading direction and in the transverse direction to loading) during unloading. These elastic moduli were calculated from the last two data points (60 and 20 MPa) only.
Localized deformation and characterization of phase transformation zones
At 455 MPa (the stress plateau), the macroscopic stress becomes constant while the macroscopic strain continues to increase from 1.1% to 5.9% strain (Fig. 3) . During this macroscopic strain increase, two martensitic transformation bands are observed to move along the gage length as shown in Fig. 1b . Similar to the Lü ders band propagation observed in some steels, the phase transformation bands can propagate from one end or from both ends of the wire (as is the case here), depending upon the loading speed (at higher speeds the bands tend to propagate from both ends). Micro-strain measurements at a fixed position show the lattice strain in the austenitic phase increasing until the martensitic phase transformation band propagates past this specific position.
As illustrated in Fig. 1b , additional diffraction measurements in small step sizes along the wire were collected at a constant macroscopic strain (5.7%) to observe the phase transformation regions between austenitic and martensitic regions in greater detail. Fig. 5a and b shows diffracted intensity at a constant strain (5.7%) plotted against lattice spacing for various austenitic and martensitic (hkl) reflections. As illustrated in Fig. 5a , it is difficult to analyze most diffraction peaks from NiTi when both phases are present due to overlapping peaks. However, a few diffraction peaks, such as the martensitic B19 0 (0 0 1) in Fig. 5b , are isolated from all other diffraction peaks. By integrating the area under a single peak at various positions along the wire, it is possible to determine the phase volume fraction (e.g. the martensitic B19 0 (0 0 1) reflection at x = À7.25 to À8.15 mm where the phase volume fraction decreases from 99% to 4%, respectively, Fig. 5b ). Plotting the resulting phase volume fraction as a function of position along the wire (Fig. 5c) , it is possible to determine the macroscopic width of the phase transition zone. Fig. 6a and b shows the lattice strain for the martensitic B19 0 (0 0 1) reflection as a function of position along the NiTi wire at a constant macroscopic stress (457 MPa) and strain (5.7%). Positions far away from the transformation region exhibit tensile strains in the loading direction (Fig. 6a) and compressive strains in the transverse direction (Fig. 6b) for the martensitic B19 0 phase (154 and -97 le for x = À14 mm, 61 and À58 le for x = 14 mm, and 117 and À85 le for x = 0 mm in the loading and transverse directions, respectively). As illustrated in Fig. 6a and b, the lattice strain in the martensitic B19 0 phase dramatically decreases at the edge of the transformation region and becomes compressive in the loading direction and tensile in the transverse direction. As one nears the austenitic region, the lattice strains in the martensitic B19 0 phase become much more compressive (measured maximum: À1330 le) in the loading direction and tensile (measured maximum: 440 le) in the transverse direction. Like the martensitic B19 0 phase, the austenitic B2 phase at the start of the transformation region exhibits low tensile strains in the loading direction and compressive strains in the transverse direction to loading. At the start of the transformation region, as one moves closer to the austenitic region, the lattice strain in the austenitic B2 phase becomes more tensile in the loading direction (maximum at 1090 le) and compressive in the transverse direction (maximum at À490 le) before gradually decreasing in the center of the austenitic region.
Discussion
Phase transformation zone
As illustrated in Figs. 5c and 6a and b, the average width of the entire transformation region is $0.9 mm at the plateau stress (455 MPa) and at a constant macroscopic strain (5.7%). The phase transformation is clearly a localized process occurring over this region within the wire, whereas no transformation or deformation occurs in the rest of the gage length. The finite width of the transformation zone determined here is in good agreement with previous theoretical considerations that predict the zone to scale with the diameter of the specimen [70] [71] [72] . Moreover, our straightforward experimental analysis complements recent surface observations by digital image correlation [73] and modeling results on the strain fields in thin NiTi ribbon specimens which exhibit transformation zones with similar finite widths [30, [74] [75] [76] . Furthermore, the austenitic B2 phase in the pseudoelastic NiTi wire almost completely transforms to martensite; only a small amount of residual austenite (less than 4 vol.%) is observed upon uniaxial loading above the stress plateau (at the end of the phase transformation), which has also been previously observed in coarse-grained NiTi [77] and predicted by micromechanical modeling [78] .
By examining the lattice strains as illustrated in Fig. 6a and b, it can be shown that both the austenitic B2 and martensitic B19 0 phases are highly strained in the transformation zone. In the loading direction (e 11 in Fig. 6a) , the lattice plane for the austenitic B2 (1 0 0) reflection exhibits large tensile strains in the untransformed region. This tensile strain slightly increases ($100 le) when moving from the untransformed region to the phase transformation interface. Once the transformation begins, the tensile strains sharply decrease over the phase transformation zone before stabilizing to the level of the strain observed in the martensitic phase in the fully transformed, adjacent region. Conversely, at the onset of the phase transformation, the lattice plane for the martensitic B19 0 (0 0 1) reflection experiences large compressive strains, which gradually decrease as more martensite transforms until equilibrium is reached at a low, but relatively constant, tensile strain of $150 le.
Just before the austenite is fully transformed to martensite, the elastic lattice strain in the austenitic B2 phase becomes approximately equivalent to that of the martensitic B19 0 phase. This result is particularly noteworthy since it suggests that, as more austenite is transformed to martensite, the strain in the austenite relaxes considerably. Therefore, the transformation requires lower stresses to occur as more austenite grains are surrounded by martensite grains. Moreover, the lattice strains in the martensitic B19 0 phase remain relatively low and become tensile in the transformed region away from the phase transformation zone. This result suggests that, as the wire is loaded, the bulk of the load is being experienced at the phase transformation region and in the austenitic phase. This special strain state near the phase transformation region may be critical in stabilizing the localized mode of deformation. As the phase transition region propagates along the gage length, the maximum stresses act constantly in its direct vicinity and result in the formation of stress-induced martensite in the adjacent material.
Macro-and micro-strains in the austenitic B2 phase
As illustrated in Fig. 3 , the macroscopic apparent modulus of austenite (56 GPa) during loading is approximately 20% higher than that observed upon unloading (45 GPa). In a pseudoelastic NiTi alloy which exhibited no R phase transformation during tensile testing, Liu and Xiang [62] also observed that the macroscopic apparent modulus for austenite during loading is higher than that observed during unloading. This difference increased with increasing amount of strain. They attributed this softening of the slope to residual strains which are present after unloading and to an increase in the dislocation density after the forward and reverse transformation. Following their reasoning, the higher modulus value (56 GPa) in our macroscopic stress-strain data is most likely closer to the true Young's modulus of the austenitic material than is the unloading modulus value (45 GPa).
As expected and as shown by Rajagopalan et al. [27] , individual austenite reflections exhibit different anisotropic behavior in compression than in tension. As noted by Vaidyanathan et al. [36] , the anisotropy associated with different crystallographic directions in austenite during compressive loading results from a combination of elasticity, plasticity associated with slip, and phase transformation. Phase transformation does not account for the anisotropy associated with different crystallographic directions in our case, since martensite does not appear in the diffraction patterns until the stress plateau is reached. This implies that the anisotropy observed in our material, which is associated with different crystallographic directions, is only due to elasticity and plasticity associated with slip in the austenitic B2 reflections.
Lastly, a slight bend, which is generally accepted to be associated with the presence of R phase, observed in the macroscopic stress-strain curve at approximately 150 MPa, is also observed in the microscopic stress-strain curve at 177 MPa of the austenitic (2 1 1) reflection, while all other austenitic reflections remain essentially linear-elastic. This result suggests that the (2 1 1) reflection might be associated with the initiation of R phase or it might participate in load sharing between the R phase and austenitic phase. In general, however, the deformation mode of austenite remains mostly elastic.
Macro-and micro-strains in the stress-induced martensitic B19
0 phase
The macroscopic modulus of martensite (25-28 GPa) during loading is more than 50% lower than that observed in the microscopic stress-strain curve (69 GPa, Fig. 7) . Interestingly, and in contrast to the macroscopic observation, the microscopic modulus of martensite is also larger than that of austenite, which further confirms the results of recent ab initio investigations on the elastic properties of NiTi martensites [79] . Moreover, this result is in good agreement with observations made by Rajagopalan et al. [27] , where they found that Young's modulus from the macroscopic stress-strain curve was 25-50% lower than that observed from the microscopic stress-strain curves created from lattice strains observed using neutron diffraction. They attribute this difference to the fact that the mac- roscopic measurement includes, in addition to elastic strains (which are observed by neutron and synchrotron X-ray diffraction), ferroelastic twin orientation switching which was indicated by the observance of martensitic peak splitting during our in situ synchrotron X-ray diffraction test and results in additional strains, thus lowering the observed Young's modulus. Furthermore, in our case, difficulty in determining the elastic modulus of martensite from the macroscopic slope arises at least in part due to the fact that at the end of the phase transformation some strain is already present in the martensite. Besides this initial strain in the martensite, plastic deformation (austenitic) grain reorientation, and detwinning or reorientation of martensite variants all contribute to the macroscopic stress-strain curve [62, 78] .
The macroscopic modulus of martensite (18 GPa) during unloading is also more than 50% lower than that observed in the microscopic stress-strain curve (43 GPa). Similar to the results during loading, the much higher modulus observed using synchrotron X-ray diffraction is much closer to the true elastic modulus of this NiTi material. Moreover, it has been shown by Liu and Xiang [62] that the deviation of the apparent modulus of martensite between loading and unloading increases with increasing load due to a combination of deformation mechanisms. This behavior is not only observed in the macroscopic stress-strain curve, like that observed by Liu and Xiang [62] , but it is also reflected in our microscopic stress-strain data.
Elastic lattice strains in the martensitic R phase
At 177 MPa in the microscopic stress-strain curve, the presence of the R phase is first observed during loading as a result of reaching a critical strain ($300 le) in the austenitic phase. Based on this observation, it is possible to confirm that the slight bend observed in the macroscopic stress-strain curve at approximately 150 MPa is due to the formation of R phase. It is likely that the R phase appears for the first time at a slightly lower load than at 177 MPa in the microscopic stress-strain curve, for example 150 MPa, where the slight bend is first observed in the macroscopic stress-strain curve.
As the applied stress increases, the amount of R phase increases as observed by an increase in the integrated peak intensity from synchrotron X-ray diffraction for the (1 1 0) and (2 2 0) R phase reflections. Furthermore, the lattice strains in the R phase continue to increase up to 1000 le before dropping to a constant strain value of approximately 200 le at the stress plateau. At the stress plateau, the dominating feature is the phase transformation zone where the strain becomes highly localized. Unlike the austenitic phase, the strain in the R phase remains essentially constant across the entire phase transformation interface before disappearing after the stress-induced martensitic transformation has occurred. This result suggests that R phase plays little role in the stress-induced phase transformation to martensite other than to soften the overall slope of the macroscopic stress-strain curve and to provide a small boost in the overall elastic strain ($1% or 1000 le) before the stress plateau is reached.
It is possible that strain in the austenite phase is transferred to the R phase. This does not appear to be the case here, although collecting more data points may further elucidate this behavior. As the macroscopic load increases, the stress in the austenite results in the formation of some R phase. Both phases seem to load elastically up until the stress plateau is reached. This is difficult to analyze in detail from our experimental data and requires smaller measuring increments (using two diffraction settings: normal exposure and overexposure to highlight strong and weak peaks, respectively) during loading to make this relationship clear. Normally, strain in one phase becoming constant is typically a result of load transfer from the softer phase to the stiffer reinforcement. This behavior in NiTi is interesting and could be due to some sort of load transfer before the martensite forms. It should be mentioned that the intermediate transformation from martensite to R phase before transforming back to austenite was not observed during unloading. It is likely that this intermediate transformation occurs below 400 MPa during unloading and before the reverse transformation zone. Further synchrotron experiments are currently underway to examine this region more thoroughly.
Summary and conclusions
The mechanical behavior of an ultrafine-grained pseudoelastic NiTi SMA wire was examined using synchrotron X-ray diffraction during in situ uniaxial tensile loading and subsequent unloading. From the results obtained in this study, several interesting conclusions, which shed new light on the nature of the mechanical behavior of NiTi SMAs, can be made:
(1) The phase transformation is a localized process. The transition zone between austenitic and martensitic regions is on average 0.9 mm wide (i.e. of a similar order of magnitude as the diameter of the thin wire). Although a small amount of residual austenite (less than 4 vol.%) was observed, the austenitic B2 phase is, for all practical purposes, fully transformed at loading above the stress plateau. At the austenite interface in the transformation zone, both the austenitic B2 and martensitic B19 0 phases are highly strained (in tension and in compression, respectively, in the loading direction) just before phase transformation occurs. These strains gradually decrease until the phase transformation to martensite is complete. The martensitic B19 0 phase exhibits a small constant tensile strain in all regions away from the phase transformation zone. (2) Both the microscopic and macroscopic elastic moduli are within range of previously reported values for the austenitic and martensitic phases. The microscopic modulus values confirm that the Young's modulus of martensite is higher than that of austenite. The Young's modulus from the macroscopic stress-strain curve is 25-50% lower than that observed from the microscopic stress-strain curves generated from lattice strains. This difference is due to the fact that the macroscopic measurement includes, in addition to elastic strains (which are observed by neutron and synchrotron X-ray diffraction), ferroelastic twin orientation switching which was suggested by the observance of martensitic peak splitting during our in situ synchrotron X-ray diffraction test and results in additional strains thus lowering the apparent Young's modulus. Furthermore, an initial amount of strain is present at the end of the stress plateau. Besides initial strain in the martensite, plastic deformation, grain reorientation, and detwinning and reorientation of martensite variants may also contribute to the macroscopic stress-strain curve. (3) A slight bend is observed in the macroscopic stressstrain curve due to the emergence of R phase. The lattice strains of the austenitic B2 phase are predominantly linear-elastic with the exception of the (2 1 1) reflection, which suggests that some austenitic reflections are associated with the R phase transformation or participate in load sharing between the R phase and austenitic phase. The presence of R phase lowers the overall slope of the macroscopic stress-strain curve and provides a small increase in the overall elastic strain ($1% or 1000 le) at stresses below the stress plateau.
